INTRODUCTION
We have investigated the molecular basis of spontaneous mutations leading to non-hemolytic and avirulent variants of the Listeria monocytogenes serotype 1/2a strain NCTC 7973 using Southern hybridization to DNA fragments that harbor the listeriolysin gene (hlyA) and adjacent regions cloned from a L. monocytogenes serotype 1/2a strain. The analysis of such non-hemolytic variants revealed the presence of a deletion of 300 base pairs, located 1.6 kb upstream of an otherwise intact listeriolysin gene. The importance of regions upstream of the hlyA gene in controlling the expression of the listeriolysin gene was further emphasized by the detection of a transposon-derived nonhemolytic mutant in which the transposon had inserted approximately 200 bp upstream of the listeriolysin gene. We conclude that at least two elements, contained within a region encompassing 1.6 kb of sequences upstream of the hlyA gene, may be required for expression of the listeriolysin gene.
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Listeriolysin, a thiol-activated hemolysin has been implicated as an important virulence factor in Listeria monocytogenes associated-infections [8] . Only hemolytic strains are isolated from pathological specimens of clinical listeriosis and only these hemolytic strains appear to have the ability to invade host cells (reviewed in ref. 2) . Recent experimental evidence suggests that the production of this exotoxin is essential in promoting intracellular growth of the bacterium in both professional [11] and non-professional phagocytes [6] . Transposon insertions within the listeriolysin gene in this species render mutants avirulent and incapable of survival in tissue culture cells and rodent infection models [5, 9, 15] .
The hemolytic phenotype of clinical isolates of L. monocytogenes is often subtle and is of variable intensity. Some strains produce such weak hemolysis that this property may pass unnoticed [17] . In addition, spontaneous loss of the hemolytic phenotype and virulence has also been reported [1, 7, 10] . For example, the previously deposited type strain of L. monocytogenes ATCC 15313 (NCTC 10357, SLCC 53) was found to be non-hemolytic and avirulent and was replaced by ATCC 35152 (NCTC 7973) which possesses hemolytic and antigenic properties more characteristic of L. monocytogenes. In addition, Pine and colleagues [14] have recently reported the presence of spontaneously occurring non-hemolytic and avirulent mutants from this new type strain. No reversion of the ahemolytic mutant to the wild type strain was detected.
In order to understand the molecular basis of this loss of hemolytic activity, we have used 3 contiguous DNA fragments haboring the listeriolysin (hlyA) gene and adjacent regions from a L. monocytogenes serotype 1/2a strain to probe for possible differences between hemolytic and nonhemolytic L. monocytogenes serotype 1/2a strains. In this communication, we show that this loss of hemolytic activity is associated with a small deletion, located 1.6 kilobases (kb) upstream of an otherwise intact listeriolysin gene. Additionally, detailed mapping of the point of insertion of the transposon Tn916 in a previously described nonhemolytic mutant of L. monocytogenes serotype 1/2a strain [9] , showed that the transposon had inserted in a region 200 bp 5' to the hlyA gene.
MATERIALS AND METHODS
The bacterial strains used in this study are listed in Table 1 . L. monocytogenes serotype 1/2a strains were grown in brain heart infusion broth (Difco), and Escherichul coil strain DH5a harbor- ing recombinant plasmids in LB broth with 100 /2g/ml of ampicillin. The recombinant plasmids pLM47 and pLM48 carrying the listeriolysin gene and adjacent regions have been previously described [12] . The desired probes were purified from vector sequences by digesting the hybrid plasmids with the appropriate restriction endonucleases and electroeluting the required DNA fragments following agarose gel electrophoresis. For each probe this procedure was repeated twice to ensure that the probe was free of vector sequences.
Bacterial chromosomal DNA was isolated by the method of Marmur after lysis of the bacteria [4] . 2-5 /~g of the DNA was digested with the appropriate restriction endonuclease using conditions as instructed by the manufacturer. The digested DNA was electrophoresed on 0.7% agarose gels for approximately 16 h (30 V), after which the DNA was transferred to nitrocellulose as described by Southern [18] . Hybridization was carried out under conditions of high stringency. The hybridization solution used contained 6 × SSC, 1 x Denhardt's reagent, 200 /~g/ml denatured salmon sperm DNA and 0.1% SDS. Hybridization was performed at 65 °C for 16 h. The blots were washed in 0.2 x SSC, 0.1% SDS at room temperature for 15 rain, followed by 2 × 30 min washes in 0.2 x SSC, 0.1% SDS at 65°C. The wet nitrocellulose filters were exposed to X-ray films and examined 12 24 h later.
DNA probes were labelled with a32p-dATP by the random priming technique of Feinberg and Vogelstein [3] . A specific activity of 1-4 X 10 s cpm//zg DNA was routinely obtained.
RESULTS AND DISCUSSION
The DNA probes used in this study are depicted in Fig. 1 examined in this study ( Table 1 ). The strain designated EGD is weakly hemolytic and is the source of the cloned hlyA gene [10] . The strains SLCC 5764 and NCTC 7973 are strongly hemolytic serotype 1/2a strains. SLCC 53 (NCTC 10357) is a spontaneously occurring non-hemolytic strain isolated from a culture of NCTC 7973 in 1939 by Barber [1] . The strains M3 and M20 are two types of non-hemolytic mutants of SLCC 5764 derived by transposon mutagenesis with Tn916 [9] . M3 mutants do not produce any detectable listeriolysin, while a truncated version of the listeriolysin polypeptide is present in supernatant fluids of mutant M20. Southern hybridization analysis of HindIII digested genomic DNA using radiolabelled probe 1 showed an altered pattern of the strains SLCC 53 and mutant M3 compared to those of the hemo- lytic strains and mutant M20 ( Fig. 2A) . When the 952bp EcoRI-NheI DNA hlyA internal DNA probe was used, different hybridization patterns were observed only with mutants M3 and M20 (Fig. 2B ). DNA hybridization analysis performed with probe 3 showed a common hybridization pattern for all strains studied (data not shown). The DNA hybridization pattern was identical with all 3 probes for all hemolytic strains regardless of the strength of the hemolytic phenotype. Digestion of the transposon Tn916 with the restriction endonuclease HindIlI yields two asymmetric fragments of 5.2 and 11.2 kb, respectively. In mutant M20, the observed hybridization with radiolabelled probe 2 to a new 11.3 kb fragment and the concomitant disappearance of the 0.4 kb HindIII fragment encoding the C-terminal end of the listeriolysin gene, allow the point of insertion of the transposon to be mapped to approximately 300 bp from the 3' end of the hlyA gene. This is in good agreement with the observation that a truncated listeriolysin polypeptide of 49 kDa is produced by this mutant [9] . In the case of mutant M3 two new HindIII fragments of 11.7 kb and 6.2 kb size were seen with probe 1 and the same 11.7 kb fragment is also found to hybridize with probe 2. Using this data, the point of insertion of Tn916 in mutant M3 can be located to a point close to or within the N-terminal end of listeriolysin. The DNA hybridization patterns obtained with SLCC 53 suggested that an alteration in the DNA structure had occurred in a region at least 1 kb upstream of the hlyA gene. To determine the nature of this alteration more precisely, chromosomal DNA from both the parental strain and the mutant were digested with several restriction endonucleases and analyzed by Southern hybridization using probe 1. To confirm that this change resided in a region 5' of the gene, hybridization to probe 3 was also performed. The results of this analysis are depicted in Fig. 3A, B .
When the analysis was performed with probe 1, no difference in the hybridization patterns of both strains were seen in the EcoRI and BamH! fragments. A 2.5 kb HindIII fragment is detected in the non-hemolytic mutant instead of a 0.7 kb HindIII fragment present in the hemolytic wild type strain. However, DNA fragments smaller by 300 bp were obtained for the non-hemolytic strain with the restriction endonucleases NdeI, HpaI, PstI, and SphI as compared to the wild type strain. Taken together, this data indicate that the non-hemolytic strain SLCC 53 harbors a deletion of 300 bp proximal to the BamHI site, 1400 bp from the start of the hlyA gene. This deletion removes the HindIII site in this region and is responsible for the larger, but weakly, hybridizing HindIII fragment in the mutant. No differences in the hybridization patterns for both strains were detected when probed with a DNA fragment that include sequences within and 3' to the hlyA gene (Fig. 3B) . The single exception is seen with the NdeI digest, but NdeI sites flank the deletion in SLCC 53 and are therefore expected to show a difference. We have also examined the hemolytic and non-hemolytic strains, ATCC 43251 and 27 ATCC 43250 both of which derive from the type strain NCTC 7973. These strains were isolated recently and have been extensively characterized by Pine and colleagues [14] . The defect in the non-hemolytic strain ATCC 43250 is identical to that found in SLCC 53, namely a deletion of 300 bp located 1.6 kb 5' to the hlyA gene (data not shown).
Pine et al. [14] found the hemolytic phenotype of ATCC 43251 to be stable and concluded that the loss of the hemolytic phenotype had not occurred recently. Indeed, in our hands, the hemolytic phenotype of strain NCTC 7973 is also stable showing no loss even after several months of subculturing. Like the non-hemolytic variant of strain ATCC 43251 isolated by Pine et al., the strain SLCC 53 (NCTC 10357) was originally isolated as a spontaneously occurring non-hemolytic and avirulent isolate from a culture of NCTC 7973 [1] . Since the detection of these non-hemolytic and avirulent variants had occurred at least twice independently over a time spanning nearly 50 years, the DNA hybridization presented in this communication suggests that these spontaneously occurring non-hemolytic mutants have a common source, namely as variants already present in the original cultures of L. monocytogenes given by the late E.G.D. Murray to the National Type Culture Collection. The deletion observed in these strains makes it apparent why no reversion of the hemolytic phenotype has ever been reported for these apparently spontaneously occurring mutants.
The detection of a region upstream of the listeriolysin gene that abolished its expression prompted us to examine whether the point of insertion of the transposon in mutant M3 was within or external to hlyA. Genomic DNA of the mutant and its parental strain were digested with various endonucleases and examined in detail using probe 1 (Fig. 4) . Hybridizing fragments obtained with the restriction endonucleases EcoRI, HindIII, BamHI, NcoI and ClaI allowed the point of insertion to be successively reduced to within a 600 bp NcoI fragment located at the start of the gene. The orientation of the Tn916 insertion is such that the right end of the transposon is proximal to the gene. Using the restriction endonuclease A¢cI, the point of insertion was mapped to approximately 200 bp proximal to the start of the listeriolysin gene. A map depicting the cumulative data obtained in this study is shown in Fig.  5 .
The results presented in this communication show that deletions and insertions in a region preceding the listeriolysin gene lead to a loss in hemolytic activity. Furthermore, the avirulent nature of these mutants [1, 10, 14] invite speculation that this region may be involved in more than merely regulating listeriolysin expression. This region appears to contain at least 2 elements, defined by the end-points of the mutants described above, that are required for expression of the listefiolysin gene. This suggests that trans-acting factor(s), similar to toxR of Vibrio cholera [13] or vir of Bordetella pertussis [20] , may be responsible for the regulation of expression of this important virulence factor. Alternatively, cis-dominant regions such as those detected in the hlyR region of the a-hemolysin determinant of Escherichia coli [19] , can be invoked to explain the loss of expression of this gene. A detailed analysis of the genes and regulatory sequences located within this region will help resolve its role in mediating virulence of this microorganism.
